Objectives: Sexually Transmitted Infections (STIs) have a great public health impact globally. STIs are one of the most critical health problems in the United States of America (USA). Here, we present a mathematical model for testing several interventions that are designed for various communities in order to control the Chlamydia epidemic. Study Design: Based on a community sexual behavior survey, we constructed and parameterized a mathematical disease transmission model to estimate the spread dynamics of Chlamydia in young adults in the northern part of Omaha, Nebraska. Methods: A differential equations based continuous time simulation model is run for various scenarios. The model considers only one age group i.e., 19 -25 ages, which is considered as the highest risk group for this sexually transmitted disease. Our model assumes homogeneous mixing within this age group and use published estimates to model mixing rates between individuals. Results: The presented model quantified the potential value of screening and treatment programs for Chlamydia in reducing the burden of disease in this specific community. By increasing the screening and treatment rates from 35% to 85%, great public health benefit can be achieved in two years, i.e., total cases reduction around 9% just in this considered age group. Conclusions: Computational results show that behavioral change based interventions on prevention have some effect on reducing the prevalence in the targeted age group; however, more benefit can be obtained with frequent screening and treatment programs.
Introduction
Sexually Transmitted Infections (STIs) have a great public health impact globally. STIs are one of the most critical health problems that the United States of America (USA) is facing currently. Centers for Disease Control and Prevention (CDC) estimated that 19 million new STIs occur every year in the United States [1] . STIs also pose a serious economic burden on the health care system in the country (i.e., $17 billion annually) [1] and each of these infections is a potential threat to an individual's immediate and long-term health and well-being. Chlamydia, one of the most commonly seen STIs, can cause serious short and long-term problems on an individual's reproductive functions, especially in women, and other health consequences including pelvic inflammatory disease (PID). PID can cause permanent damage to fallopian tubes, uterus, and surrounding tissues, which may lead to infertility, ectopic pregnancy, or premature delivery [2] . Furthermore, individuals infected with chlamydia are at higher risk for HIV infection [3] .
In 2011, over 1.4 million cases of chlamydia were reported [1] . However, many cases of chlamydia, like other STIs, go undetected and under reported. CDC estimates 2.8 million chlamydia infections occuring annually in the US [1] . Nationally, the number of chlamydia cases continued to rise since 1991, and a dramatic increase of 8% was reported in both 2010 and 2011 [1] . When the geographic distribution of cases is analyzed, it is clear that they are clustered in certain neighborhoods where significant health disparities exist. Therefore, the public health interventions for controlling this STI should target specific neighborhoods in order to generate the greatest impact possible. In this paper, we present a mathematical model of Chlamydia transmission that is parameterized by community specific values obtained from a survey based study in North Omaha, Nebraska, a state in the Midwestern Region of the United States. Then, community based intervention strategies are evaluated through this model in terms of their effectiveness of controlling the chlamydia cases in this specific community.
Chlamydia in Douglas County
In Douglas County, in which Omaha is the largest city, more than 70% of chlamydia cases are among adolescents (14 -19 years old) and young adults (20 -25 years old) [4]- [6] . African Americans are disproportionately affected; 44% of chlamydia cases and 63% of gonorrhea cases are African American [4]- [6] though they make up only 12% of the county's population and 41% of North Omaha's population [7] . Due to the consistent higher rates reported for chlamydia and gonorrhea compared to the national rates, in spite of many interventions, the Douglas County Health Department declared an epidemic of STIs in 2004. This prompted a study to estimate the prevalence and to identify local risk factors of chlamydia in order to institute more effective public health interventions.
Literature Review
As we have indicated above, the chlamydia epidemic is a serious public health problem in the US, and especially in communities where significant health disparities exist in relation to socio-economic and demographic factors. Therefore, public health strategies should be evaluated in terms of their effectiveness to optimally use limited public resources before they are implemented in the community. Mathematical modeling and simulation based analyses are invaluable tools for informing public health decision makers and designing a set of possible interventions [8] - [13] . Here we present a summary of mathematical model based interventions designed for various communities in order to control chlamydia epidemic all around the world.
Althaus et al. [8] used mathematical and computational models for evaluating the impact of screening programs in reducing the prevalence of Chlamydia trachomatis. They constructed the SEIRS (Susceptible-ExposedInfected-Recovered-Susceptible) model and used published data to parameterize it. Owusu-Edusei et al. [14] recently used a similar but more complicated version of the model in order to evaluate the effectiveness of chlamydia screening and treatment in jails. Another compartmental model was presented in Regan et al. [15] .
The model was used to quantify the effectiveness of the annual chlamydia screening program in Australia over 10 years. Their model included not only biological parameters but also behavioral factors associated with age group differentiation incorporated into the model. A stochastic simulation model was presented by Kretzschmar et al. [16] to inform designing screening programs in Bilthoven, Netherlands.
Other computational models are also developed and analyzed for chlamydia transmission studies. Turner et al. [17] developed a network model for understanding the key epidemiological features of chlamydia transmission dynamics and health care seeking behavior in Britain. Individual based models are also developed and their performances are evaluated by comparing partnership formation and dissolution dynamics. Gray et al. used an individual based model to assess the impact of vaccination for chlamydia infections and transmission. Althaus et al. [18] presented three different models with empirical data and suggested using Gini coefficient to calibrate infectious disease models. Similar comparisons are done in Ong et al. [19] for general infectious disease modeling to demonstrate the difference between classical models and pair formation based individual models.
After identifying the effective screening and treatment programs, one challenge that public health departments face is how to allocate limited resources across multiple programs. A cubic binary optimization model is formulated and solved by Tao et al. [20] for optimally allocated resources for STI control and prevention programs. Townshend and Turner [21] presented a system dynamics model to evaluate the effectiveness of screening programs for chlamydia and Evenden et al. [22] used a similar approach for analyzing the targeted screening strategies to develop more cost effective programs in Britain.
Here we present a compartmental mathematical model to evaluate screening and prevention programs for Chlamydia transmission which is parameterized based on North Omaha population characteristics and also a survey for understand the sexual behavior in a targeted age group.
Methods
A cross-sectional survey was conducted to estimate the prevalence and identify risk factors associated with chlamydia in the northern region of Omaha. We recruited 310 participants 19 to 25 years old during July, 2011-June, 2012 to participate in this study. We interviewed them for risk factors and sexual behaviors associated with chlamydia using a pre-designed questionnaire. We also collected urine samples from study participants for chlamydia diagnosis. We will utilize the information acquired from this survey of the sexual behavior and risk factors of chlamydia to evaluate parameters within the models of chlamydia transmission. The summary statistics about the survey elements for the study population are presented in Table 1 .
Mathematical Model
We used a compartmental disease transmission model to estimate the spread dynamics of chlamydia in young adults of North Omaha. The model considers only one age group 19 -25 years of age, which is the high risk group for this sexually transmitted disease. We assume homogeneous mixing within this age group and use published estimates to model the transmission rated between individuals in this age group (1.95 person/year). The transmission dynamics starts with an index case proportion in the defined community and i.e., 14.39% prevalence rate, and then individuals move from one compartment to another as the natural history of disease progress. The considered compartments of the model are presented in Figure 1 . Specifically, the model tracks the changing numbers of susceptible S(t), exposed E(t), asymptomatically infectious I a (t), symptomatically infectious I s (t), on treatment T(t), naturally recovered R N (t), recovered by treatment R T (t). We use this model to evaluate the effectiveness of targeted screening and treatment strategies in order to control the transmission of chlamydia in this specific community. In addition to screening and treatment policies, we also quantitatively evaluate the effectiveness of public health strategies that aims to increase preventive measures in this age group, e.g., condom use. In the model, other natural history related progression parameters are assumed from the previous studies published in the literature and values for these parameters are presented in Table 2 . Population specific demographic information is obtained from the census and the initial value for index case proportion in the population is assumed based on the survey study mentioned in the earlier section. 
ξ A Rate that exposed individual become asymptomatic infectious 0 -28 days [15] ξ S Rate that exposed individual become symptomatic infectious 0 -28 days [15] η N Rate of naturally recovered individuals become susceptible again 30 -60 days [15] η T Rate of individuals recovered by treatment become susceptible again 14 -28 days [15] θN Rate of naturally recovery 300 days [8] θT Rate of recovery with treatment 5 -9 days [8] North Omaha population (19 -25 years) 8,000 [7] Current Chlamydia Prevalence Rate 14.39% Survey Data Figure 1 . Natural history of chlamydia transmission and progression.
Model Analysis and Results
In this section we present the simulation results for different screening and treating policies. We have simulated the model for a 10-year period starting from 2013 and presented the results for policies varying from screening and treating for every year to every 20 years. In Figure 2 , our results show a substantial reduction in chlamydia cases in the population. Annual screening program in place with 35% rate is compared to other scheduled screening programs with 45%, 55%, 65%, 75% and 85% of hypothetical screening rates for the next 2 years. Since the model dynamics did not change and the system reached to its steady state after 2 years, we do not present simulation results after the end of 2015. By increasing the screening and treatment rates from 35% to 85% great public health benefit can be achieved, i.e., reduction in the cases around 9%. These results raised an important question about the comparative effectiveness of the interval of screening program for chlamydia control. The policy makers should allocate resources for an optimum control of STIs in a reasonable time period, which can be achieved with an annual screening program. In addition to screening and treatment programs, we evaluated the impact of behavioral change interventions on the prevalence rate in the specific age group. The use of a condom for the prevention of chlamydia is also an effective intervention in this population irrespective of either one year or 20 years interval. However, the magnitudes of the case aversion with a behavioral change of condom use remains relatively small even a program can achieve 90% condom use rate, 0.06% reduction with a yearly screening program after a year and 0.004% reduction for the same combination of programs after 3 years (assuming a 50% base rate of condom use). The result signifies the correct use of a condom every time for prevention of STIs. Table 3 represents the effects of combined screening for chlamydia screening programs and behavioral change on condom use. Results show that there is an increasing reduction of Chlamydia infections when screen and treat intervention is used in combination with increasing condom use.
Analysis on Parameter Sensitivity
In addition to the analyses presented above for policy evaluation and sensitivity of health outcomes on various implementations of policies, in this section we present sensitivity of outcomes on several parameter values. Since there are great uncertainties on the disease specific parameters, especially due to its asymptomatic nature, the estimates from the previous epidemiological studies were used in our simulations. However, transmission rate and asymptomatic duration can significantly impact the results, and sensitivity analyses on these parameters can inform public health officials for investing more time and time and effort to estimate these parameters. Here we perform sensitivity analyses to determine the impact of uncertainty for transmission rate on the total number cases generated in the sample population. We use Monte Carlo sampling method [23] [24] and run 20 simulations in Powersim software [25] , at each time sampling from Normal Distribution with mean 1.95 (i.e., base parameter value used) and variance of 0.95. In Figure 3 , the average of total cases (i.e., total % of population infected asymptomatically and symptomatically) is presented with 10 percentile and 90 percentile. Although the difference between 10 percentile and 90 percentile of cases were not significant through the early stages of the simulation the gap increases towards the end of the simulation time (i.e., 1825 days), at the end of the simulation the difference is computed around 4.7%. We also performed sensitivity analysis for the impact of asymptomatic duration on total cases. In the literature there is a significant ambiguity on the estimates used for asymptomatic durations for STIs in general and for chlamydia as well. In our base simulations we used 300 days based on Althaus et al. [8] and again via Monte Carlo sampling method performed the sensitivity analysis. For this parameter we used Uniform distribution with parameters of (200,400) and mean of 300 days. The average for total cases (i.e., rate at which population got infected asymptomatically and symptomatically) with 10 percentile and 90 percentile is presented in Figure 4 . As we can see, the difference between 10 percentile and 90 percentile is more significant, i.e., 17%, and again, the gap is at its maximum at the end of the simulation time. Since the sensitivity of total cases is much higher on asymptomatic duration than the transmission rate, public health efforts should first focus on obtaining better and more accurate estimates for this parameter in order to inform policy decision making for designing chlamydia prevention interventions.
Conclusions and Discussions
Our model quantified the potential value of screening and treatment programs for chlamydia in reducing the burden of disease in the North Omaha community. Behavioral change based prevention interventions have some effect on reducing the prevalence in the targeted age group. However, more benefit can be obtained with frequent screening and treatment programs. Cost effectiveness of public health programs should be evaluated by the public health decision makers in order to identify optimal program specific to their communities. Our mathematical model was designed based on parameters from an epidemiological study conducted in North Omaha, Nebraska and estimates from current literature. We undertook sensitivity analyses to show that the conclusions are robust to parameter assumptions. We have chosen a straightforward model framework, have used conservative assumptions, and considered only the direct effect of screening coverage on prevalence of chlamydia. Our model can easily be modified and adopted in other populations to plan public health programs or examine the effectiveness of screening programs. One limitation of our study is that it does not include any cost effectiveness evaluation for the screening programs; however, previous studies have shown screening and treatment is cost effective. Access to screening should be equitable for all irrespective of socio-economic status, gender, race and ethnicity. However, the additional resources required to increase screening coverage to reach equity among all residents would be more effectively employed in the short term.
Future planning of chlamydia control could include measures to increase screening coverage such as sex and age specific screening paired with or supported by a renewed focus on education. Screening of chlamydia is an effective intervention to reduce sexually transmitted infections and mathematical models can be used to evaluate its effectiveness. Finally, our analyses demonstrate the sensitivity of health outcomes on disease specific parameters. Uncertainty on the asymptomatic duration has significant impact on the total cases that can be generated in the community; therefore, public health research should focus more on obtaining better estimates for this parameter in order to better design optimal intervention strategies.
In the future work, variations on the activity levels, partnership and duration of partnership can be explicitly modeled, rather than assuming instantaneous partnerships. Also, more flexible screening programs can be evaluated, e.g., modeling the behavior of screening for individuals who are in risk groups. Extensive sensitivity analyses can also be performed for other parameters in the model.
